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The high thermal stability of the RNA duplex is a major problem for prebiotic RNA replication (5) . Because Mg 2+ greatly increases the melting temperature (T m ) of RNA duplexes, we asked whether the chelating properties of citrate would prevent the increase in the T m of RNA duplexes caused by the presence of free Mg 2+ ions. We observed a small but reproducible decrease in T m in the presence of citrate when compared to samples containing unchelated Mg 2+ (table S1 and figs. S19 and S20). For example, in the presence of 50 mM Mg 2+ with four equivalents of citrate, the T m of the RNA duplex was 71°C, whereas in the control sample without citrate the T m was 75°C.
Citrate also stabilizes RNA by preventing the Mg 2+ catalysis of RNA degradation. Incubating a 13-oligomer oligodeoxynucleotide with one ribo linkage at 75°C, with and without Mg 2+ and citrate, results in significant strand cleavage at the site of the single ribo linkage. Four equivalents of citrate, relative to Mg 2+ , abolished the Mg 2+ -catalyzed degradation (Fig. 4) . The observed rate constant (k obs ) for cleavage at the ribo linkage, at 75°C in the presence of 50 mM Mg 2+ was 0.03 hour −1 , whereas in the presence of a fourfold excess of citrate, the rate decreased to 0.004 hour is not yet known to what extent measurements of divergence in mRNA levels reflect divergence in protein expression levels, which are probably more important in determining phenotypic differences. We used high-resolution, quantitative mass spectrometry to collect protein expression measurements from human, chimpanzee, and rhesus macaque lymphoblastoid cell lines and compared them to transcript expression data from the same samples. We found dozens of genes with significant expression differences between species at the mRNA level yet little or no difference in protein expression. Overall, our data suggest that protein expression levels evolve under stronger evolutionary constraint than mRNA levels.
M easurements of mRNA levels have revealed substantial differences across primate transcriptomes (1-3) and have led to the identification of putatively adaptive changes in transcript expression (4) . Traditionally, measurements of divergence in mRNA levels are assumed to be good proxies for divergence in protein levels. However, there are numerous mechanisms by which protein expression may be regulated independently of mRNA levels (5, 6) . If transcript and protein expression levels are often uncoupled, mRNA levels may evolve under reduced constraint as changes at the transcript level could be buffered or compensated for at the protein level (7) (8) (9) . To date, however, genomewide studies of protein expression in primates have been limited (10, 11) . We collected a comparative proteomic data set with SILAC [stable isotope labeling by amino acids in cell culture (12) ]. Using high-resolution, quantitative mass spectrometry (13), we measured peptide expression levels in lymphoblastoid cell lines (LCLs) from five human, five chimpanzee, and five rhesus macaque individuals ( fig. S1 and table S1). We analyzed the peptide expression data in the context of orthologous gene models (14) to obtain comparative protein expression measurements from all three species (table S2) . We obtained measurements for 4157 proteins in at least three human and three chimpanzee individuals, and 3688 proteins were quantified in at least three individuals from all three species (table S2 and fig. S1 ). We also collected RNAsequence (RNA-seq) data from the same samples and estimated mRNA expression levels using reads that map to orthologous exons ( fig. S1 and table S3). We thus obtained both mRNA and protein expression levels for 3390 genes in at least three individuals from each of the three species (fig. S2  and table S4) .
Focusing on differences between human and chimpanzee, we classified 1151 genes as differentially expressed (DE) between species at the mRNA and/or protein expression levels, independently [likelihood ratio test, false discovery rate (FDR) = 1%, table S5]. The number of interspecies DE genes at the mRNA level was higher (815) than the number of DE proteins (571; Fig. 1, A and B) . By accounting for incomplete power to detect interspecies differences in gene expression (15), we estimated that 266 genes (33%) are DE between humans and chimpanzees at the mRNA level but not at the protein level. We observed a similar pattern for comparisons that include the rhesus macaque data (table S5) .
These observations may reflect a slower rate of divergence in protein levels or higher levels of within-species variation in protein than mRNA expression levels. To distinguish between these possibilities, we compared estimates of mRNA and protein divergence (Fig. 1C) . Among genes whose interspecies mRNA and protein divergence differ (FDR = 1%), interspecies variation at the mRNA level is higher than at the protein level much more often than the reverse pattern (Fig. 1D) . This indicates that protein expression levels might evolve under greater evolutionary constraint than mRNA expression levels.
The accuracy of SILAC has been established by biochemical means (16) 
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REPORTS that the consistency of protein measurements is at least as good as that for mRNA ( fig. S3 ). Additionally, biological variation associated with the mRNA and protein measurements, regardless of species, is comparable ( fig. S4 ). We then proceeded to demonstrate that the protein measurements have a higher dynamic range than the mRNA measurements, and hence, our results are conservative with respect to this property of the data ( fig. S5 ). We also confirmed that the observation of lower divergence of protein levels relative to mRNA levels could not be explained by insufficient quantification of protein expression ( fig. S6 ) and is robust to differences in the approach used to summarize multiple peptide measurements into a single estimate of protein expression level ( fig. S7 ). Finally, we established that our observations are robust by restricting our analysis only to the subset of genes with similar RNA-seq read depth across orthologous exons; only to genes with low interindividual variation both at the mRNA and protein levels; only to genes whose protein and mRNA levels were measured in all five individuals from each species; only to genes whose protein expression levels were measured by two peptides or more; by excluding the top 2% of most highly expressed genes at the transcript level; and by excluding all genes with RNA-seq reads per kilobase per million mapped reads (RPKM) of less than 1. These analyses all produced consistent results (figs. S8 to S13).
To gain further insight into the differences in evolutionary pressures acting on mRNA and protein expression in primates, we used data from all three species to identify genes whose regulation might have evolved under natural selection. We applied an empirical approach to identify expression patterns that are consistent with the action of stabilizing or directional selection on gene regulation (2, 17) . The rationale of our approach is similar to that used in empirical scans of selection on nucleotide sequence data (18) . We scanned for expression patterns on the basis of our expectations given different evolutionary scenarios. For example, patterns of low variation in expression levels, both within and between species, are consistent with a scenario of stabilizing selection on gene regulation ( fig. S14A) . In turn, a lineage-specific shift in expression level associated with high within-species variation is consistent with relaxation of evolutionary constraint ( fig. S14B) . A lineage-specific shift in expression level coupled with low within-species variation is consistent with directional selection acting on gene regulation in a particular lineage ( fig. S14C) .
We considered the transcript and protein comparative expression data independently. Among the 300 genes with the least varied protein expression levels within and between species, consistent with the action of stabilizing selection, we found enrichment of genes involved in conserved cellular processes including translation, splicing, and transcriptional regulation (table  S6) . Compared to genes not in this set (Fig. 2) , these 300 genes also evolve under stronger evolutionary constraint at the amino acid level (Wilcoxon rank sum, P < 10
), have higher expression levels (P < 10 ), and are expressed in more tissues (P < 10
−8
). We found that these properties are also associated with the 300 genes with the least varied mRNA levels: stronger evolutionary constraint on amino acid sequence (P < 0.003); larger number of proteinprotein interactions (P < 10 −4 ); and higher absolute expression levels (P < 0.02), as has been noted (1, 19) . Yet, all of these associations are stronger when genes are ranked by conservation of protein expression than when ranked by conservation of mRNA expression. Our observations are robust to arbitrary choices in cutoffs ( fig. S15 ) and suggest that these regulatory and sequence properties are more coupled to protein expression levels.
We next focused on lineage-specific differences in gene regulation. We found that a subset of genes with lineage-specific expression differences were also associated with a lineage-specific increase in within-species variation in expression levels; this pattern is consistent with lineagespecific relaxation of evolutionary constraint on gene regulation. We classified 85 genes (one-sided F-test; P < 0.05) with expression patterns consistent with either human-or chimpanzee-specific relaxation of constraint on transcript expression levels but only 20 genes with regulatory patterns consistent with relaxation of constraint on protein expression levels. This observation provides further evidence that protein levels might evolve under greater evolutionary constraint than mRNA levels. Lineage-specific shifts in protein expression levels might also be associated with low within-species variation, consistent with directional selection on gene regulation. We classified 196 and 161 such patterns in human or chimpanzee, respectively (table S7) .
We then considered the protein and mRNA data jointly. As expected, in most cases, the patterns of mRNA and protein expression levels are consistent with the same evolutionary scenario. We found a few genes whose mRNA expression patterns are consistent with the action of stabilizing selection, whereas the patterns of their protein expression levels are consistent with lineage-specific directional selection in either human (14 genes, Fig. 3A) or chimpanzee (10 genes). These patterns can potentially be explained by lineage-specific changes that specifically affect posttranscriptional regulation. We also identified 40 and 20 genes whose mRNA expression patterns are consistent with the action of lineage-specific directional selection in human or chimpanzee, respectively, yet their protein levels are consistent with the action of stabilizing selection (Fig. 3B ). These observations may indicate that protein expression levels of these genes are buffered against changes in mRNA levels (20) or that these genes are evolving under compensatory selection pressures. Genes whose mRNA and protein expression levels are consistent with this pattern have slightly longer 5′UTRs (one-sided Wilcoxon rank sum; P < 0.03), a greater number of known ubiquitination sites (P < 0.0002), and, among those with a humanspecific decrease in mRNA levels, more phosphorylation sites (P < 0.006). Put together, these are all properties typically common to genes that evolve under strong evolutionary constraint.
In summary, our data suggest that protein expression levels evolve under greater evolution-
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Genes with mRNA expression patterns consistent with the action of stabilizing selection
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ary constraint than mRNA levels. It seems likely that for many genes, evolutionary changes in mRNA levels may be effectively neutral, if buffered or compensated for at the protein level. As protein levels are presumably more relevant to understanding how the genotype gives rise to the phenotype than mRNA levels of protein-coding genes, insight into the interplay between transcriptional and posttranscriptional regulatory differences may greatly advance our understanding of humanspecific adaptations. 
